Singular beams with spatially variant field distributions have various fantastic applications. However, one of the significant challenges that hinder the wide application of singular beams is how to effectively identify the topological charge and the polarization order of arbitrary singular beams. We found that when a light beam with arbitrary polarization state illuminates a polarization-sensitive blazed-grating, the horizontal and vertical component can be separated from the incident beam. Based on this phenomenon, an effective method is proposed to probe the integral topological charge and polarization order of arbitrary singular beams. With this detection method, the vortex beam, cylindrical vector beam and cylindrical vector vortex beam with different topological charges and polarization orders have been experimentally identified. This effective detection method can be widely used to measure the topological charge and polarization order of arbitrary singular beams.
Introduction
Structured light beams have attracted intensive attention due to their spatially variant field distributions. As two kinds of typically structured light beams, vortex beam (VB) carrying orbital angular momentum (OAM) and cylindrical vector beam (CVB) possessing phase singularity and polarization singularity respectively, have been extensively studied [1] - [10] . Both of them have an annular intensity distribution with a dark spot arising from their central singularity [1] , [6] . Integral VB and CVB have been also demonstrated to be an eigenstate of OAM and vector mode [11] , [12] . Due to their unique optical properties, optical vortices and CVBs have been widely applied in various applications ranging from optical communications [12] - [17] , optical manipulation [18] - [24] , to quantum information processing [25] - [27] and optical imaging [28] , [29] .
Generally, light beams with phase singularity and polarization singularity simultaneously provide more freedom for beam manipulation [30] , [31] . These beams are also called cylindrical vector vortex beams (CVVBs) and have attracted extensive attentions in optical manipulation [32] - [35] . Plenty of approaches have been proposed to generate singular beams [36] - [46] . However, apart from creating high-quality singular beams, it is also crucial to effectively identify their topological charge and polarization order. As the spatial field distributions of singular beams are different from each other, the method of estimating their topological charge and polarization order should also be different. Usually, the interferometry is used to determine the topological charge of VB, while the polarizer is widely used to detect the polarization order of CVB and CVVB. However, none of existing detecting methods can be commonly used to effectively determine the topological charge and polarization order of arbitrary singular beams.
In this article, we propose and demonstrate an effective method for arbitrary singular beams detection based on orthogonal polarization separation. A polarization-sensitive blazed-grating which is obtained with the phase-type spatial light modulator (SLM) and is only responsive to the horizontally polarized component, is employed to separate the horizontally and vertically polarized components of the incident beam. In the experiment, the Gaussian beam from the laser with the working wavelength of 1550 nm is split into two sub-beams. One of the sub-beams is used to produce the desired singular beam, while the other is polarized to 45 degrees for interfering. After the orthogonal circularly polarized components of the CVB or CVVB are transformed into orthogonal linearly polarized components, the coaxial transformed singular beam and Gaussian beam are projected to the SLM for polarization separation and mutual interference. Finally, by determining the topological charges of each components, the topological charges and polarization orders of the optical vortices (the topological charges are 1, 2, 3, 4), CVBs (the polarization orders are 2, −2, 4, −4) and CVVBs (the topological charges and polarization orders are (1, 2), (2, 2), (3, 2), (4, 2)) are successfully identified.
Theoretical Analysis
Singular beams including VB, CVB, and CVVB can be simply written as
where l is the topological charge, θ is the azimuthal angle, φ is the initial phase and m is the polarization order. After passing through the quarter-wave plate (QWP) whose fast axis is rotated to 45 degrees, the orthogonal circularly polarized components of CVB and CVVB are transformed into orthogonal linearly polarized components, namely
In order to detect the topological charge of the horizontal and vertical components of the singular beam, the Gaussian beam, which is used to interfere with the singular beam, must contain both horizontally polarized and vertically polarized components. Moreover, the Gaussian beam should be polarized along 45 degrees and coaxial with the transformed singular beam. The phase-type SLM is polarization sensitive, which can only modulate the horizontally polarized component of the incident beam [47] . Based on this, we upload a blaze-grating on the SLM to diffract the horizontally polarized beam, and the vertically polarized beam is only reflected. As we properly design the period of the blaze-grating, the reflected vertically polarized beam and the diffracted horizontally polarized beam will be separated. After modulated by the polarization-sensitive blazed-grating, the horizontal and vertical components of the Gaussian beam and the transformed singular beam are separated and interfere with each other, respectively. The normal blazed-grating can be expressed as
where d is the grating constant, α is the blazed angle, β is the angle of incidence, and λ is the wavelength of incident beam. n can take any positive integer. After the topological charges of horizontally polarized component (h ) and vertically polarized component (v) are obtained, the topological charge (l) or polarization order (m) of arbitrary singular beams can be calculated by
Experimental Setup and Results
The experimental setup of determining the topological charge and the polarization order of arbitrary singular beams is shown in Fig. 1(a) . A laser beam with the working wavelength of 1550 nm is generated from a continuous wave laser and then filtered by a Glan laser polarizer (GL). It is split into two sub-beams by the beam splitter (BS). One of the sub-beams is further modulated by the metasurface (MS) and results in VB, CVB or CVVB. Meanwhile, the other sub-beam is modulated by the half-wave plate (HWP) and polarized along 45 degrees for interfering with the singular beam along the other light path. According to our previous study [44] , VB or CVB can be created by a single MS. Hence, we can easily obtain CVVB by cascading two MSs and adjusting the polarization state of the incident light. Here, the MS is fabricated by etching space-variant nanograting on a fused silica substrate with a femtosecond laser and thus has a space-variant birefringence. Desired polarization distributions can be realized by adjusting the local orientation and geometrical parameter of the grooves.
The mechanism of creating arbitrary singular beams with MS is depicted in Figs. 1(b-d) . In order to illustrate the properties of the MS, the optical axis distributions of the MS with q = 1 and q = 2 are also plotted in the inserts of Fig. 1(a) . Here, q is a constant indicating the spatial rotation ratio of the optical axis. According to the previous introduction, the orthogonal circularly polarized components of CVB and CVVB should be transformed into orthogonal linearly polarized components before it reaches the polarization-sensitive blazed-grating which is realized by loading the desired phase pattern on the phase-only SLM (PLUTO-TELCO-013). Fig. 2(a) schematically illustrates the principle of how to separate the linearly polarized Gaussian beam with polarization-sensitive blazed-grating. As shown in Fig. 2(a) , when a Gaussian beam polarizing along 45 degrees is projected to the SLM with a blazed-grating period of 160 μm and efficiency up to 81%, the horizontal linearly polarized component is diffracted with an angle much bigger than the incident angle. To achieve the best performance of the SLM, the incident angle is controlled as less than 6 degrees, the reflective angle of the vertical linearly polarized component is equal to the incidence, and the blazed angle of the blazed-grating is about 20 degrees. This phenomenon is experimentally verified as shown in Figs. 2(b-i) , where orthogonal linearly polarized beams are successfully separated. A linearly polarized Gaussian beam with the polarization state of 45 degrees and a CVB with polarization order of 2 are depicted, respectively. From Figs. 2(c) and 2(g), we can see that the coaxial orthogonal linearly polarized components are separated into two parts, whereas other diffraction orders are almost negligible. Moreover, a polarizer which is polarized along 0 degree or 90 degrees is placed behind the SLM to indicate the polarization status of the beam, as shown in Figs. 2(d-e ) and 2(h-i). Based on the polarization-sensitive blazed-grating, we have further measured the topological charge or polarization order of VB, CVB, and CVVB. The linearly polarized Gaussian beam is transformed to left-handed circularly polarized Gaussian beam by a QWP. After passing through the MS, a right-handed circularly polarized VB with a positive topological charge is produced (l = 1, 2, 3, 4 are chosen). The intensity distributions of the produced optical vortices are shown in Figs. 3(a-d) . After that, the circularly polarized optical vortices are transformed into linearly polarized optical vortices whose polarization states are 45 degrees by another QWP behind the MS. The resulting beam combines with the reference Gaussian beam which is also polarized to 45 degrees and then comes to the SLM. The interference fringes are shown in Figs. 3(a'-d') . It is evident that the number of dislocated interference fringes is one more than the topological charge [48] . Generally speaking, when the topological charge is a positive integer, the direction of the fork fringes is oblique upward. Conversely, the direction of the fork fringes is oblique downward. The practical topological charges of the optical vortices can be calculated with Eq. (7) . It can be also found that the estimated topological charge is opposite to the theoretical value, which is caused by single reflection after passing through the SLM. Finally, the calculated topological charges of the optical vortices are given as 1, 2, 3 and 4.
According to Eqs. (2-3), CVB and CVVB can be split into two orthogonal circularly polarized optical vortices. Theoretically, the topological charges of these two components are different. When a linearly polarized Gaussian beam passes the MS, CVBs (m = 2, −2, 4, −4 are chosen) can be obtained. The intensity distributions of the produced CVBs are shown in Figs. 4(a-d) . After that, the orthogonal circularly polarized component is further modulated by a QWP and turns into the Fig. 5. (a-d) Intensity distributions of the CVVBs with different topological charges and polarization orders ((1, 2), (2, 2) , (3, 2) and (4, 2)), (a'-d') interference fringes of the planar wave with two separated linearly polarized components respectively, where the green ellipses represent the polarization states, and the blue dashed represents the dislocated condition. orthogonal linearly polarized component. After interfering with the reference Gaussian beam, the interference fringes are detected and depicted in Figs. 4(a'-d') . Due to the single reflection of SLM, the topological charges of each components are reversed. The practical polarization orders of CVBs can be calculated with Eq. (7) . Finally, the calculated polarization orders of CVBs are given as 2, −2, 4 and −4. In order to effectively demonstrate that the polarization state of CVB is desirable, we have measured the polarization states of CVB with Stokes polarization reconstructed method [49] . Firstly, the exact parameter values of any state from the Stokes parameters are extracted. Then, according to the relationship of the Stokes parameters and polarization, the polarization states of CVBs are achieved, as shown in Figs. 4(a-d) .
Furthermore, the proposed system is used to measure the topological charge and polarization order of CVVB. In order to generate CVVB, circularly polarized VB is firstly obtained by modulating a circularly polarized Gaussian beam with a MS. It is transformed into linearly polarized VB by a QWP behind the MS. This linearly polarized beam is further modulated by another MS and finally leads to CVVB. Their intensity and polarization distributions are shown in Figs. 5(a-d) , while the topological charges of each component of CVVBs are identified and plotted in Figs. 5(a'-d') . After the topological charges of each component are estimated, the topological charges and polarization orders of CVVBs can be calculated with Eq. (7) . The calculated topological charges and polarization orders of CVVBs are given as (1, 2), (2, 2), (3, 2) and (4, 2) .
As a proof of concept, we have used a reference Gaussian beam to create interference fringes. In the practical application, we can apply the diffraction methods to measure the topological charges of the two optical vortices after they are separated with the polarization-sensitive blazed-grating. By diffracting the two optical vortices through the cylindrical lens [50] , triangle aperture [51] or some other particular designed elements [52] , the topological charges of the two decomposed optical vortices can also be obtained from the diffraction patterns. In addition, the proposed scheme is mainly focused on the standard singular beams. For the complex singular beam with complicated mode components, it is also worth studying in depth. Some researchers have proposed utilizing the designed polarization-insensitive MS to measure multichannel vortices [45] . In the future, we can try to design a polarization-sensitive MS to measure multichannel vortices with orthogonally polarization states simultaneously, and realizing the detection of arbitrary complex singular beams. Besides, we can achieve more flexible and versatile applications by integrating metalens, etc. [53] , [54] into the MS.
Conclusions
In summary, we have experimentally demonstrated an effective detection method based on orthogonal polarization separation for measuring the topological charge and polarization order of arbitrary singular beams. In our proposal, the singular beam is firstly transformed by a QWP and then recombines with the reference Gaussian beam. When the coaxial singular beam and reference Gaussian beam passes through the sensitive-polarized blazed-grating, the horizontally polarized and vertically polarized components of the singular beam and Gaussian beam are successfully separated and then interfering with each other. The optical vortices (the topological charges are 1, 2, 3, 4), CVBs (the polarization orders are 2, −2, 4, −4) and CVVBs (the topological charges and polarization orders are (1, 2), (2, 2), (3, 2), (4, 2)) with different topological charges and polarization orders are successfully detected with this method. This detection method provides a new avenue to effectively measure the topological charge and polarization order of arbitrary singular beams.
